Phytoplankton can become limited by the availability of nutrients when light and temperature are adequate and loss rates are not excessive. The current paradigms for nutrient limitations in freshwater, estuarine, and marine environments are quite different. A review of the experimental and observational data used to infer P or N limitation of phytoplankton growth indicates that P limitation in freshwater environments can be demonstrated rigorously at several hierarchical levels of system complexity, from algal cultures to whole lakes. A similarly rigorous demonstration of N limitation has not been achieved for marine waters. Therefore, we conclude that the extent and severity of N limitation in the marine environment remain an open question. Culture studies have established that internal cellular concentrations of nutrients determine phytoplankton growth rates, and these studies have shown that it is often difficult to relate growth rates to external concentrations, especially in natural situations. This should lead to a greater reliance on the composition of particulate matter and biomass-based physiological rates to infer nutrient limitation. Such measurements have demonstrated their utility in a wide variety of freshwater and marine environments, and, most importantly, they can be applied to systems that are difficult to manipulate experimentally or budget accurately. Dissolved nutrient concentrations are most useful in determining nutrient loading rates of aquatic ecosystems. The relative proportions of nutrients supplied to phytoplankton can be a strong selective force shaping phytoplankton communities and affecting the biomass yield per unit of limiting nutrient.
A current dogma of aquatic science is that marine and estuarine phytoplankton tend to be nitrogen limited, while freshwater phytoplankton tend to be phosphorus limited. Carpenter and Capone (1983) documented the preeminence of N studies in the literature on brackish and marine ecosystems. In 1970 there were equal numbers of references per year to N and P. The decade of the seventies saw a nearly fourfold increase in references to N, while the number of P references per year remained essentially unchanged. No trend was evident for the freshwater literature despite the fact that by the late seventies the evidence for P limitation had become so great that phosphorus control was recommended as the legislated basis for controlling eutrophication in North American and European inland waters (e.g. ' S. V. Smith, D. W. Schindler, F. P. Healey, G. J. Brunskill, K. Patalas, E. J. Fee, and P. Campbell providcd comments and suggestions on this manuscript. Rast and Lee 1978; Janus and Vollenweider 198 1) .
A fundamental dichotomy in nutrient limitation in fresh and salt-water ecosystems is somewhat unexpected since the nutritional requirements of phytoplankton of such ecosystems are similar. Also, the fact thalt phytoplankton can deplete required nutrients to undetectably low concentrations in 'both of these environments suggests that there is no fundamental difference in the affinity of phytoplankton for the required nutrients. No biogeochemical processes that might limit availability of N or P to phytoplankton are known to be unique to one of these environments.
Rather, explanations tend to emphasize differences in scale; for example, N fixation is slow in the ocean or #denitrification is fast relative to their rates in freshwater environments.
In fact, much research today is directed toward explaining wh,y marine and freshwaters might differ in their limiting nutrient (Smith 1984; How- Paerl 1985; Smith et al. 1986 ). This review will take a different approach and examine the evidence and rationale used to establish nutrient limitation in aquatic environments. It will show that differences between views of marine and freshwater scientists on nutrient limitation are perhaps based more on technique and inference than on any fundamental difference in ecology. Smith (1984) has previously raised this possibility.
Nutritional requirements of phytoplankton
Algal cells require elements in relatively fixed proportions in order to reproduce. Table 1 lists elements required by at least some algae (e.g. not all species require Si). Despite often large interspecies variation, it is possible to consider a mean nutrient composition for algal cells growing without nutrient limitation (Goldman 1980; Healey 1978) . A relatively narrow range of elemental composition has presumably evolved bccausc all algal cells have to perform similar metabolic functions and have qualitatively similar structural requirements. Given that the biochemical role of each element is unique (i.e. only limited substitution is possible), there are stoichiometric requirements to be met in the growth of any species of algae. If mean river water or mean ocean water were used as a source water for growing a culture of a species of mean composition (Table 2) , then relatively few of the elements required for growth would likely become limiting. Only P, Fe, and Co in river water and P, N, Si, Fe, Zn, Cu, Mn, and Co in seawater are present in relative proportions similar to or less than those required by phytoplankton. All other elements would be available in excess. Limitation by trace metals has received neither the attention that the macronutrients P, N, and Si have, nor perhaps as much as it should (Table 2) . Although recent research has established that the availability of metals has been a selective factor in the evolutionary ecology of marine phytoplankton (Brand et al. 1983 ) and has been invoked as possibly growthlimiting in some marine and freshwater situations, the subject will not be treated further here due to the relative paucity of information on trace metals compared to that on the macronutrients C, N, Si, and P.
Deviations from mean dissolved nutrient concentrations are the rule in both freshwater and marine ecosystems. In marine systems and lakes, biologically active elements are constantly being removed from surface waters by nutrient uptake and scdimentation and are being added by mixing with river water or with deeper water from the aphotic zone. There are other biogeochemical processes (e.g. denitrification, N fixation, P adsorption, cultural eutrophication, etc.) that can selectively remove or enrich nutrients and create local anomalies in the relative proportions of the essential elements. The significance of the data in Table 2 is that it quickly reduces the number of elements likely to limit algal growth in rnost aquatic environments. On average, in freshwater situations P is the most likely of the macronutrients to become limiting to algal growth, while in marine systems P, Si, and N are all possible candidates.
The concept of limitation Natural phytoplankton communities are composed of populations of species. For these species to persist through time, their cellular growth rate (k') must exceed or equal losses to dilution (k,), sedimentation (k,.), physiological death (kd), and grazing (kg), as shown in Eq. 1 [terminology from Reynolds (1984) ]:
The term dN/dt is the population growth rate, N the abundance of a phytoplankton species, N, the population biomass at time t, and No the biomass at time zero. N and dN/dt are determined by k' and the sum of the loss terms. An increase in abundance can be generated by increasing k' or decreasing one or more of the loss terms. Kilham and Hecky 1988) . Application of the Monod model is limited by current analytical methods, which often cannot measure the very low dissolved nutrient concentrations that have been shown to limit growth. The successful use of the Droop equation to describe nutrient-limited growth should encourage aquatic ecologists to study the nutrient composition of particulate matter in order to address questions of nutrient limitation and the relative growth rates of phytoplankton communities.
In unialgal chemostat cultures, precise dehnition of the cellular growth rate is possible after steady state is achieved. The growth rate equals the dilution rate, and, by controlling the culture medium composition and rate of addition, any nutrient can be made limiting when light and temperature are adequate. In a P-limited chemostat, the cellular growth rate will be proportional to the cellular concentration of P (Fig. 1) as predicted by the Droop model and observed by numerous researchers (e.g. Rhee 1974; Perry 1976; Sakshaug and Holm-Hansen 1977; Goldman et al. 1979) . Nutrient limitation imposes other compositional and physiological changes on the cells. Some of these are specific to a given nutrient, while others are general responses to nutrient limitation of any kind (Healey 1975; Healey and Hendzel 1980) . Healey (1978) .found that species of chlorophytes, cyanophytes, diatoms, chrysophytes, and dinoflagellates had similar internal nutrient concentrations and physiological responses when they were growing at similar relative growth rates under P or N limitation (Fig. 2) . Goldman (1980) expressed the same conclusion for marine phytoplankton (Table 3) . Contemporaneous multiple nutrient limitation has not been shown for any unialgal culture (Droop 1974; Rhee 1978; Kilham and Kilham 1984) , and theoretically it would not be expected, since the macronutrients cannot substitute for each other in their biochemical functions (Droop 1974; Rhee 1978; Healey 198 5) . However, nutrients can compensate, within limits, for physical limitations--e.g. light and temperature, and vice versa-so that co-limitation by a physical factor and a nutrient is demonstrable in unialgal chemostats (Healey 1985) . In multiple-species chemostats, multiple nutrient limitation of phytoplankton growth has been demonstrated both theoretically (Petersen 1975; Tilman 1977) and empirically (Tilman 1977; Tilman et al. 1982) . This can occur because species differ in their optimum nutrient ratios for growth (Tables 4  and 5 ). Deviance from the optimum nutricnt ratio can lead to limitation by one or the other nutrient. For example, Tilman (1977) demonstrated experimentally in chemostat cultures that Asterionella formosa dominated at Si : P ratios > 100, while Cyclotella meneghiniana dominated at Si : P < 10 (Fig. 3) . At intermediate ratios, the species coexisted since each was limited by either Si (A. formosa) or P (C. meneghiniana). Therefore, nutrient-loading ratios can exert a strong selective effect on natural communities of phytoplankton and, in turn, can affect the biomass yield for the nutrient limiting most species (Smith 1982) . When nonsteady state conditions are imposedfor example, by pulsing nutrients (Sommer 1985) -even more species can be supported as the kinetics of nutrient uptake, which can be uncoupled from growth, allow species that are limited by the same nutrient to persist.
Based on our knowledge of the kinetics of algal growth and population dynamics (Eq. l), it is possible to conceive of a natural phytoplankton assemblage in which one or more species are limited by a common nutrient for which they are competing, differcnt nutrients, light, temperature, light or temperature and a nutrient, one or more of their various loss terms, a nutrient and one or more of their various loss terms, and a number of non-nutrient factors (e.g. toxic substances, osmotic stress, etc.) not considered here. Given such potential complexity, A-chrysophyte; V-dinoflagellate. E: is extreme, M is moderate, and N is no deficiency (from Healey 1978) . the only true statement that can be made about all the phytoplankton populations is that they are-or, given their capacity for exponential increase, soon must be -limited by something. It is simplistic to assume that all the species in a community are limited by a single factor. In fact, phytoplankton communities are complex mixtures of species with highly individualistic life-history characteristics, especially in regard to meeting their nutrient requirements (Kilham and Hecky 1988) . However, practical aspects of the effects of nutrient enrichment generally focus on the total biomass of phytoplankton produced rather than on the production of any single species, even though nuisance blooms are often nearly monospecific. Consequently, the relevant questions are: Can the growth of the natural phytoplankton community be increased (or decreased) significantly by the addition (or deletion) of one or more nutrients? Which nutrient has the greatest effect? These questions have focused interest on aggregate variables like primary production and algal biomass (or a surrogate such as chlorophyll 
Evidence for nutrient limitation
Dissolved nutrient concentrations were the earliest data used to infer nutrient limitation. This was based largely on negative evidence; for example, the fact that dissolved nitrate usually became unmeasurable before phosphate in seawater predisposed marine biologists as early as the turn of the century (reviewed by Nixon and Pilson 1983) to infer that N was more likely than P to limit algal production. However, there are numerous phytoplankton species and communities that have such high affinities for N and P that nutrient limitation, if it occurs, occurs at concentrations not an- alytically detectable (Brown and Button 1979; Goldman and Glibert 1983) . Consequently, dissolved nutrient data cannot be interpreted in terms of growth limitation given present analytical capabilities.
Nutrient concentration data can be used to calculate fluxes of nutrients to algal cultures and aquatic ecosystems. If algal growth can be shown to bc more dependent on one nutrient flux than any other, then that nutrient may limit algal growth. In nutrientlimited chemostats at a constant dilution rate, algal yield is directly proportional to the input of the limiting nutrient. This analogy has been usefully extended to lakes, initially by Vollenweider (1968) . Control of phosphorus input is now the basis for management of lake eutrophication in many parts of the world. If we are to calculate reasonably precise nutrient supply rates, the system of interest must have well-defined boundaries and all nutrient inputs must be measured. Consequently, the concept is more difficult to apply to oceans and estuaries, although it has been applied to coastal bays (Smith 1984) and some estuaries (e.g. Jaworski 198 1; Nixon 198 1; Lee and Jones 1981; Nixon and Pilson 1983) .
Chemical composition and physiological measurements have been used in both freshwater (e.g. Healey and Hendzel 1980; Vincent et al. 1984; Zevenboom et al. 1982) and marine situations (Sakshaug and Olsen 1986; Yentsch et al. 1977; Goldman et al. 1979) to determine if phytoplankton are nutrient limited. One experimental basis for such measurements is the Droop model, in which the internal stores of nutrients determine nutrient uptake and growth rates. But, in general, algae from diverse groups have remarkably similar physiological and compositional responses to nutrient limitation (Healey 1973) ; thus, such responses are useful indicators of nutrient status. Measurements of nutrient status have the advantage that they can be performed on natural assemblages (i.e. prolonged incubations are not required). However, these observations arc essentially instantaneous, so repetitive sampling may be required to characterize the general state of the ecosystem.
Nutrient enrichment bioassays have been widely applied to both freshwater and marine systems for experimental hypothesis testing of nutrient limitation. A nutrient enrichment bioassay is an operational test for nutrient limitation in which one or more nutrients is added to a volume of water to determine if algal growth is stimulated. Unfortunately, the test result is likely to be dependent on the test system. For example, many nutrient enrichment assays have been performed in which the only natural component is the water and its dissolved constituents because a cultured algal species is useld as a test organism. At the other extrerne of system size and complexity, exper.imental nutrient additions have been made to w'hole lakes. For convenience, four levels of test system organization can be recognized (Table 6 ). Higher level systems, especially natural systems, are capable of much more complex responses at longer time scales. The only level of concern to aquatic resource managers is the highest level, but inferences are often made based on evidence from lower level test systems. As Droop (1977) has emphasized, the proof of a model's validity at one level of natural organization implies validity, but not necessarily applicability, in all higher levels. Several examples are given below. It is axiomatic that the higher the level of the experimental test, the more applicable it is likely to be to the natural situation of interest.
Increasing the "naturalness" of test systems means decreasing the experimenter's control of them. In a level I experiment, full control, in the sense that the experimenter determines their value, can be taken of nearly all parameters contributing to the population growth (Table 7 ). The configuration of lower level systems can impose a nutrient limitation, by eliminating many natural fluxes and reducing loss terms, when none or a different one exists in the natural system. In contrast, at level IV the experimenter sets very few parameter values. Controls for these high level experiments are comparative systems assumed to be similar in all respects except the nutrient enrichment of interest. Statistical treatment of data from level I systems can be quite rigorous, whereas statistical treatment of level IV experiments can be awkward (Hurl- Freshwater and marine systems differ in the efficacy with which the different lines of evidence can and have been applied. The nutrient supply concept is frequently applied to freshwater systems, but it is relatively rare in marine systems (Nixon and Pilson 1983) . The nutrient enrichment bioassay has been applied to almost all aquatic systems, but there are many more mesocosm and whole-system studies of nutrient limitation in freshwater than in marine waters. The only approach that can be equally well applied in both is compositional and physiological analyses of the phytoplankton. The obvious question is whether these different approaches converge on the same conclusion about nutrient limitation when they are all applied to the same ecosystem. A freshwater and a marine ecosystem that have been studied by at least level III nutrient enrichment experiments and that have been the subject of lower levels of investigation are reviewed below to answer this question.
Freshwater-The Experimental Lakes Area
In northwestern Ontario, the Experimental Lakes Area (ELA) was the site of several whole-lake nutrient enrichment experiments designed to decide whether C, N, or P were limiting algal production. There also exists an exceptionally complete series of lower level enrichment experiments, precise nutrient supply rate measurements, and compositional and physiological studies, which can be examined for coherence with the whole-lake results.
cc' vs. P-In the late 1960s an often acrimonious debate concerned the possibility that C rather than P or N might be the critical limiting nutrient in eutrophic freshwaters (Likens 1972) . Lake 227 in the ELA (Johnson and Vallentyne 197 1) was chosen for a nitrogen and phosphorus addition to determine if eutrophication could occur without the artificial addition of C to a natural system. Lakes of the area including Lake 22'7 were extremely oligotrophic, with naturally low concentrations of dissolved inorganic carbon. Sakamoto (197 1) conducted a series of nutrient enrichment bioassays on natural phytoplankton assemblages from many lakes in the ELA using photosynthesis as the test response. In short-term experiments (6 h-3 d), total C02, Fe, P, and N, in decreasing order of importance, were found to limit photosynthesis, while in longer term experiments (8-20 d) P, Fe, and N were limiting. Sakamoto's general conclusion was that it is hard to make exact statements about the relative importance of phosphorus, nitrogen, iron, and inorganic carbon in ELA waters because of the variability in response. In June 1969, nutrient additions to Lake 227 at the rate of 0.36 mol N m--* and 0.01 mol P m-* per year were begun. These additions stimulated chlorophyll concentration several-fold and caused a substantial depletion of total CO, (Schindler et al. 197 1) . By July, total CO, concentrations were nearly undetectable, but a series of mesocosm experiments-in situ l-m-diameter tubes sealed to the sediments-determined that carbon availability was not limiting algal biomass (Schindler et al. 197 1) . In contrast, bottle bioassay experiments and diurnal primary production studies did show that the photosynthetic rate was C limited after midday (Schindler and Fee 1973) . However, over the longer term, atmospheric invasion of CO, into Lake 227 was more than adequate to allow large algal blooms to develop (Schindler et al. 1972) . In another series of mesocosms, nutrient additions involving C, N, and P in various combinations of various chemical forms established that P was essential to any incremental growth (chlorophyll concentration), although incremental growth was always higher when a source of C or N or both was added in combination with P (Schindlcr et al. 197 1). These mesocosm results left open the question of whether the availability of C or N could significantly modify the response of an ecosystem to P enrichment. N vs. P-A second whole-lake nutrient enrichment experiment in Lake 226 further established the critical role, of P in limiting algal growth. This dual-basin lake was divided with a plastic curtain, and C, N, and P were added to one basin while only C and N were added to the other. Only the basin receiving P responded significantly in chlorophyll and primary productivity (Schindler 1975) . Also, the N : P ratio of the added nutrients was half of that used in Lake 227. Nitrogen-fixing blue-greens were prominent in the responding Lake 226 basin, while chlorophytes dominated Lake 227 (Schindler 1975) . This difference in response indicated that N : P supply ratios could affect the composition of the phytoplankton community and led to further research on the role of N: P supply in inducing bloomforming blue-greens. Levine (1983) concluded that, for lakes on the Canadian Shield of the ELA, the optimal N : P supply ratio for most phytoplankton species was between 11 : 1 and 20 : 1. Below 1 I : 1, heterocystous blucgreens dominated the phytoplankton assemblages. Low N : P supply ratios were the only factor in her experiments with 10-mdiameter enclosures to induce N-fixing algal blooms, and Flett et al. (1980) showed that the occurrence of N fixers in lakes was dependent on N : P loading ratios rather than on dissolved N : P concentration ratios, dissolved inorganic N concentration, or both in the ELA (Fig. 4) . A whole-lake demonstration of the relation between a low N : P loading ratio and the occurrence of N-fixing blue-greens was initiated in Lake 227 in 1975, when the molar ratio of N : P in the added fertilizer was reduced from about 30 : 1 to 11 : 1 while the loading rate of P was held constant. The change in loading ratio induced the appearance of N-fixing bluegreens in the lake for the first time (Schindler 1977) , and their abundance increased in subsequent years (Fig. 5; Schindler 1985) . This experiment illustrated that the response time of a natural system to overcome (75) 226 SW (74) 239 (75) 239 (72) 239(73) \ I / -----239 (74) 227 (73) Phosphorus loading found that mean annual chlorophyll concentrations in ELA lakes were statistically dependent on the mean annual P concentration regardless of the N : P loading rate of the lake (Fig. 6) . He concluded from the Lake 227 and Lake 226 experiments that P ultimately limits phytoplankton concentration in lakes because these ecosystems can draw on atmospheric sources of C and N to meet their requirements.
This was also demonstrated in mesocosms where blooms of N-fixing blue-greens attained rates of primary productivity and chlorophyll concentrations comparable to those of phytoplankton with high inorganic N : P loading ratios at similar rates of P loading (Levine 1983) . Consequently, the mean annual chlorophyll of ELA lakes can bc effectively predicted from mean annual P input and a time term that accounts for water renewal (Schindler et all. 1978) . In the ELA, simple arithmetic relationships can account for up to 70% of the variance in chlorophyll, while larger and more diverse groups of lakes generally render less precise relationships ( Fig. 7 ) between P loading (incorporating water renewal) and chlorophyll concentration (e.g. Vollenweider 19 6 8, 19 7 6; Dillon and Rigler 1974; Lee et al. 1978). rqutrient dejkiency indicators -In the EL,4, a suite of nutrient status indicators was consistent with the whole-lake and mesocosm experiments, which indicated that the lakes were P limited (Healey and Hendzel 1980) . The degree of P limitation, as me,asured by several indicators, was a function of the N : P loading ratio ( Fig. 8 ; note that the element ratios are wt/wt). Phosphorus limitation was relieved only at N : P molar ratios < 10 : 1. Nitrogen deficiency was rare in the ELA at all times. The congruence of the nutrient status indicators and the ecosystem experiments at the ELA validate the use of such indicators in other natural systems. Healey and Hendzel(l980) , using these indicators in a survey of northcentral Canadian lakes, found that hypereutrophic prairie lakes with dense algal blooms, some N fixing, were also generally P limited over the whole range of chlorophyll concentrations observed (1 to >350 pg liter-l Chl a). Only in large, shallow, turbid lakes where light limitation occurred was P limitation negligible (Healey and Hendzel 1980; Hecky and Guildford 1984) .
The possible sensitivity of composition ratios to detrital interference is frequently raised as an objection to their use (e.g. Tett et al. 1985) . However, Healey and Hendzel (1980) found that net plankton (harvested in a IO-pm net) was quite similar in several nutrient status indicators to total suspended particulates (harvested on glass-fiber filters) even in an oligotrophic, highly turbid northern reservoir with active shoreline erosion (Table 8) . Although the possible role of detrital influence should be considered whenever composition ratios are used, the problem may be overrated for many waters.
Marine and estuarine systems
Marine waters are conveniently divided into estuarine, coastal, and oceanic ecosystems. These systems differ in the extent to which they are influenced by river runoff, deep ocean inputs, or both. Both of these sources, on average, meet or exceed the stoichiometric requirements for growth of many algae, but ocean waters have lower N : P and Si : P ratios than river waters do (Table 2) . These marine systems also differ in the impact that cultural eutrophication can have on them, with estuaries being most susceptible and the open ocean, by virtue of its volume and remoteness, being least susceptible. These systems differ from most freshwater systems in size and discreteness; i.e. boundaries between water masses are weakly defined and often variable. Consequently, controlled whole-system experiments that are possible in lakes are not feasible in these marine systems except perhaps in small bays with weak tidal exchange. Level III nutrient enrichment experiments are the highest level experiments done, and these have been relatively rare. Instances of multilevel nutrient Ryther and Dunstan (197 1) presented by far the most influential paper establishing nitrogen as "the critical limiting factor to algal growth and eutrophication in coastal marine waters" (Carpenter and Capone 1983; Nixon and Pilson 1983) . The basis for Ryther and Dunstan's conclusion was observational and experimental. First, the frequent observation that dissolved inorganic fixed nitrogen concentrations became undetectable while a measurable dissolved inorganic phosphate concentration remained suggested to Ryther and Dunstan, as it had to generations of marine biologists (see Nixon and Pilson 1983) before them that N might be more critical than P. They pointed out that although mean seawater (primarily deep seawater) had nearly optimal nutrient ratios for phytoplankton growth, the N : P concentration ratio of inorganic nutrients was often very low in sur- face ocean waters and generally less than optimum for most algae. Their original contribution to the limiting nutrient question was a series of nutrient enrichment bioassays conducted on highly polluted estuaries and coastal waters along Long Island and the New York Bight. These enrichment experiments were level I; however, the test species were organisms abundant in the natural waters. Adding only ammonia to source water consistently gave the greatest increase in cell growth, although unenriched controls and phosphate additions alone generally allowed the inoculum to grow (Fig. 9 ). Ryther and Dunstan (197 1) invoked the low N : P molar ratio in domestic sewage (N 5 : 1) and the more rapid regeneration of P from dying plankton to explain the apparent dependence of phytoplankton growth on nitrogen.
There have been many other level I and level II demonstrations (e.g. Thomas 1970; Vince and Valiela 1973; Smayda 1974; Goldman 1976 ) of nitrogen causing enhanced growth relative to unenriched controls and phosphorus additions in both coa.stal and open ocean waters. These conclusions are generally based on increased abundance or increased primary production (e.g. Table 9 ; Thomas 1969). These lower level tests are quite consistent from place to place and time to time. Unfortunately, higher level nutrient enrichment experiments are relatively rare, so confirmations of these low-level experimental results are lacking.
The large-volume plastic sphere experiments (McCallister et al. 196 1; Antia et al. 1963 ) of the early 1960s can bc considered large-scale level II experiments appropriate for coastal marine waters. Tn these experiments, filtered bottom coastal waters were introduced into large enclosures (> 100 m") and inoculated with 4 m3 of surface water passed through a zooplankton net. The in-dpl OK'-P debt I 4. . with N : P (by wt) loading ratio in ELA lakes. Data points in the lower panels can be identified as to lake number by referring to ihe same loading ratio in the upper panel. Lake 302N is plotted opposite its natural loading ratio. O-The total loading (artificial hypolimnion as well as natural surface loading) ratio of this basin. These loading ratios do not include N, fixation, which would raise the lowest tent 'was to follow the growth of the phytoplankton population through a growth and decay cycle. In each year, the N : P ratio of the source water was similar at 10 : 1; a diatom bloom was stimulated and attained Chl a concentrations of 45-50 mg m-3 around day 14-16. At the time of the chlorophyll maximum, nitrate concentrations were 0.3 hg-atoms liter-I, while phosphate and silicatc concentrations were similar or substantially higher. On the basis of these dissolved nutrient data, the termination of the bloom was inferred to be caused by nitrogen depletion. This inference can be questioned because the particulate composition ratios before, during, and after the bloom do not suggest severe nitrogen limitation in either experiment. At the chlorophyll maximum, the particulate N : P molar ratio in each year was > 11 and should have been optimal for phytoplankton growth. In fact, the particulate N : P molar ratio was increasing throughout the formation of the blooms, suggesting that P was becoming relatively less available than N (Table 10) . Termination of the diatom bloom cannot be accounted for by either N or P deficiency based on composition of the bloom. Narragansett Bay-Smayda (1974) conducted level I nutrient enrichment bioassays throughout a complete year in Narragansett Bay. Subsequently, waters from this bay became the subject of level III nutrient enrichment experiments at the Marine Ecosystem Research Laboratory (MERL) (Nixon et al. 1984) . Smayda concluded that N would be the primary limiting nutrient in the bay followed by Si and EDTA (as a surrogate for a natural chelator) over the annual cycle (Fig. 10) . These level I results suggested that Narragansett Bay phytoplankton would be expected to respond to t ratios (Schindler 1977) . Based on measurements ofalgal cultures, values above the dashed lines in the phosphatase, P debt, and N : P panels indicate the presence of P deficiency. and water renewal) were subjected to different levels of nutrient enrichment over an annual cycle (Table 11 ; Nixon et al. 1984) . The ratio of nutrients added matched that of sewage entering Narragansett Bay. The N : P molar ratio was optimal for phytoplankton, but the addition was deficient in Si for diatoms. Chlorophyll concentrations were consistently increased at all levels of nutrient addition only in January-February and, to a lesser extent, in June-July (Fig. 11) . Neither at these times nor on average was the response in chlorophyll concentration directly proportional to the added nutrients (Table 11) . Nixon et al. (1984) emphasized that all of the microcosms showed large fluctuations in the biomass of phytoplankton in spite of the regular supply of nutrients and all experienced periods of very low standing crops regardless of nutrient availability.
When chlorophyll in treated MERL systems did increase relative to controls, diatoms accounted for most of the increase, and Si concentrations were reduced to extremely low levels. Also during these responsive periods, the simple introduction of bay water into the microcosms stimulated phytoplankton growth (upper left panel of Fig. 11) . A JanuaryFebruary diatom bloom is a regular event in Narragansett Bay (Smayda 1974; Pratt 1965) ; its duration and intensity depend on winter Si concentrations and its termination is caused by grazing. Although the MERL experiments were not intended to determine which nutrient is limiting in Narragansett Bay, they demonstrate that N, P, and Si were not strongly limiting phytoplankton biomass over much of the annual cycle and that mean phytoplankton biomass was, not proportional to nitrogen input despite the expectation inferred from level I bioassay. The results of the MERL experiments were consistent with those of Durbin et al. (1975) and Sakshaug (1977) , who con- Station number Fig. 9 . Growth of Skeletonema coslazum in unenriched, ammonium-enriched, and phosphate-enriched water from the New York Bight (from Ryther and Dunstan 1971) . Table 9 . Effects of nutrient enrichment on 14C uptake in a seawater sample collected off Baja California in June 1964. Incubation for 5 d in natural light, followed by addition of 10 &i Na,14C0, to loo-ml aliquots and further incubation for 3 h at 12,900 lux at 19°C (from Thomas 1969). Nutrient loading in marine systems- Nixon and Pilson (1983) further addressed the proportionality between nitrogen loading and phytoplankton biomass by relating these two for several North American estuaries and bays (Fig. 12 , which includes the MERL microcosms). They concluded that the response of salt-water systems to nitrogen inputs was much less dramatic than that of lakes to the input of P (note semilog scales in Fig. 12 , as compared to log-log scales in Fig. 7 ). Nixon and Pilson (1983) discounted the possibility that not correcting their salt-water data for flushing (as the freshwater models are) could account for the difference, since attempts to do so did not improve the relation evident in Fig. 12 . They did emphasize the general lack of contemporaneous measurement of nutrient inputs and biological data for salt-water systems, which makes statistical analysis difficult. Primarily on the basis of riverinc nutrient loading, various estuaries have been classified as limited by either N or P (or seasonally by either) (Jaworski 198 (Boyle et al. 1974; Biggs and Cronin 198 1) have noted that nutrients often bchave in a nearly conservative fashion in estuaries, suggesting that net biological uptake may be unimportant in these systems, which are dominated by physical processes. Smith (1984) constructed nitrogen and phosphorus budgets for three tropical to semitropical embayments with rather slow flushing. He found that nitrogen fixation was a prominent feature of these environments and concluded that such systems were more likely to be limited by the availability of phosphorus than nitrogen. In general, marine systems are more difficult to budget because they are large, and the boundaries are poorly defined compared to most freshwater systems, which have relatively welldefined, nonreversing outflows and inflows. Consequently, in the marine environment the paucity of data severely restricts statistical treatment of nutrient supply relationships and investigation of modifying factors such as water residence time. Long-term historical records are also rare (Nixon and Pilson 1983) . However, a 23-yr record for Narragansett Bay showed a positive correlation between plankton biomass and phos- Table 10 . Particulate composition ratios (molar) of diatom blooms in large-sphere experiments (McCallister et al. 196 1; Antia et al. 1963) as populations approach chlorophyll maximum. Healey and Hendzel (1980) suggested that values of N : P >23 and C: P > 133 indicate P deficiency and C : N > 8 indicates N deficiency. Particulate composition -There exists an extensive body of data on .the elemental composition of marine particulate matter. Redfield (1934 Redfield ( , 1958 was among the first to emphasize strongly that marine particulate matter was relatively constant over the world's oceans, with C : N : P of 106 : 16 : 1 by atoms. This concept has withstood the test of time well. Copin-Montegut and Copin-Montegut ( 1983) recently surveyed particulates from the Atlantic, Indian, and Antarctic oceans and the Mediterranean Sea. The C : N ratios varied by ~20% over these waters, while the C : P ratios were somewhat more variable (Figs. 13, 14) . The CopinMonteguts did identify, using regression analysis of their large data sets, a purely carbonaceous fraction which was generally ~20% of the particulate matter. In the remaining 80% fraction, the C : N : P ratios Table 11 . Steady state nutrient concentrations expected from treatments and mean annual and maximum Chl a concentrations and coefficient of variation (%) of the standing crop of phytoplankton in Narragansett Bay and the MERL microcosms, 1 June 198 l-l June 1982. The maximum value observed during the 1982 winterspring bloom is also shown (from Nixon et al. 1984 were 103 : 16 : 1 -essentially the Redfield ratio. In individual samples, the carbonaceous fraction can only increase the C : N or C : P ratios, which would make the sample appear more deficient in P or N than the living portion. Even including this detrital contribution, very few of these samples would be considered limited either by N or P (Figs. 13, 14) using the criteria for nutrient deficiency that Healey and Hendzel (1980) applied to freshwater algae. These kinds of data have led Goldman et al. (1979) and others (Kanda et al. 1986 ) to suggest that the growth of open ocean phytoplankton is not strongly nutrient limited. ficient in N or P and would be consistent with the inconsistent response of the phytoplankton to nutrient enrichment shown in the MERL experiment. However, data on particulate composition and physiological activity have been used to infer N limitation in coastal New England waters (Yentsch et al. 1977 ) and the North Sea (Sakshaug and Olsen 1986 ) P limitation in Norwegian fjords and coastal waters (Sakshaug and Olsen 1986) , and no strong limitation by N or P in Chesapeake Bay (McCarthy 198 1) .
Are marine and fresh water systems difSerent?
Despite the very low dissolved N : P ra-
The evidence for the characterization of tios (often approaching zero) that usually nutrient limitation in marine and freshwaoccur in coastal waters, the N : P ratios in ters is quite different. Among limnologists, the particulate material usually approxithere is a general wariness of level I growth mate the Redfield ratio (Nixon 198 1) . Nixresponse bioassays because experience with on (198 1) offered Narragansett Bay as a spe-larger systems, including intact whole ecocific example where the particulate N : P systems, has demonstrated that level I asratios do not differ significantly from 16 : 1 says have severe limitations which make it despite frequent, extremely low dissolved difficult to extrapolate their results to nat-N : P ratios. Such particulate ratios would ural systems. Level I tests can only suggest indicate that the phytoplankton are not de-potential nutrient limitation. At least for the 
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Lakes Area, there is a demonstrable congruence among level III system responses to nutrient enrichment, whole-lake responses to experimental enrichment, proportional response to phosphorus loading in many lakes, and compositional and physiological indicators of P limitation.
A similar congruence has not been found for N limitation in marine systems. The experimental data from which N limitation has been inferred were obtained overwhelmingly from level I and level II nutrient enrichment bioassays. Although the results are quite consistent, there are not yet confirmatory results from higher levels. Comparison of levels I and III in Narragansett Bay demonstrates that level I tests could not be extrapolated to the natural system, at least during certain times during the annual cycle. Nor is there confirmation from other lines of evidence that have proven useful in freshwater (i.e. a directly proportional response between nitrogen loading and phytoplankton biomass or consistent demonstration that marine phytoplankton are N deficient using compositional and physiological evidence). In fact, in semiclosed marine systems for which detailed nutrient budgets can be constructed, P rather than N has been inferred to be limiting net primary production (Smith 1984) . Marine waters may differ from freshwater in the factor most frequently limiting algal growth, but the evidence that can be offered in support of N limitation in salt water is fundamentally weaker than the evidence for P limitation in freshwater.
Research at the whole-ecosystem level in freshwaters has provided an experimental test of Redfield's (1958) hypothesis accounting for the nutrient composition of the ocean. Redfield noted the close correspondence between the proportions of N : P in the oceans and the proportions in which they enter the biochemical cycle in the production of marine plankton. He considered three possible reasons for this coincidence: it was an accident of geochemical and evolutionary history; the organisms had adapted to the relative availability of nutrients; the organisms control the proportions of the nutrients in water. By inductive reasoning, he concluded that the last was the most likely. The whole-lake experiments mentioned above and discussed by Schindler ( 1977, 198 5) demonstrate experimentally how or-ganisms can draw on the massive atmospheric source and sinks for carbon and nitrogen to maintain, on average, C : N : P ratios to meet their requirements for growth. It follows, then, that among the macronutrients P (or some other essential element), which does not have a large atmospheric reservoir, ultimately could control phytoplankton abundance in aquatic environments.
The rivers of the world evidently supply N at ratios in excess of that required to support algal growth. This fact alone explains why lakes are often P limited. In the cycling of river water through estuaries and coastal waters, there is a higher relative loss of fixed nitrogen than of phosphorus; thus, the deep sea has an N : P ratio approximately optimal for algal growth (Table 2) . One does not even have to invoke nitrogen fixation to account for the balanced proportions 0.f the deep sea. Because deep-sea nutrients arise largely from regeneration of plankton, the Redfield ratio in the deep sea can be maintaincd only if there is not strong nutrient limitation by any one element over much of the ocean. The balanced nutrient proportions of the deep ocean do imply that if nitrogen and phosphorus were consumed by phytoplankton in Redfield proportions, then N and P would likely become limiting at nearly the same time. Therefore, it is valid to expect that N limitation might be more frequent in pelagic marine ecosystems than in freshwater, although this does not necessarily follow. A rigorous experimental demonstration of general N limitation in the ocean is lacking.
There has been a long-standing controversy about what controls phytoplankton distributions over space and time in the oceans (see Yentsch 1980) . The two contesting hypotheses have been the nutrientlight hypothesis and the grazing hypothesis. Clearly both can be important (Eq. 1) and the argument is over relative importance. This argument is not as debated in the literature on lakes, where there is a more general consensus that phytoplankton are nutrient or light limited. Phytoplankton loss terms in many lakes are often dominated by sedimentation or other nongrazing terms (Lehman and Sandgren 1985; Forsberg 1985; Tilzer 1984; Reynolds et al. 1982; Reynolds and Wiseman 1982; Jewson et al. 198 1; Jassby and Goldman 1974 ). In contrast, grazing usually dominates loss in the oceans (Welschmeyer and Lorenzen 1985; Walsh 1976 ) except in very strong upwelling events (Walsh 1976 ). The qualitative differences in loss terms may be the fundamental difference between marine and freshwater planktonic systems, since. grazing leads to substantial regeneration, while sedimentation can rapidly strip nutrients from the photic zone. The relatively shallow water columns and comparatively low diversity of grazers in lakes may promote rapid nutrient loss compared to marine systems and ensure that nutrient limitation of phytoplankton will bc common in lakes. If grazing limits phytoplankton populations most of the time in the oceans, then nutrient limitation may be a less frequent feature of marine systems.
Tropical lakes-The large tropical lakes may be an important intersection point for limnologists and oceanographers concerned with nutrient limitation of algal growth. Frequently, references in the literature (see Melack et al. 1982; Vincent et al. 1984) suggest that tropical lakes may be N limited. Kalff (1983) , Melack et al. (1982) , and Peters and MacIntyre (1976) have demonstrated P deficiency in several small East African lakes using level III assays and physiological and compositional measurements. With the exception of Vincent et al. (19134) , N limitation has been inferred from the same kinds of evidence invoked for marine systems: low in situ dissolved nitrogen concentrations, especially relative to phosphorus; level I nutrient enrichment growth bioassays; and frequently low N : P ratios in rivers, The nutrient status of the phytoplankton of the tropical great lakes is largely unexplored.
Dependence on recycled nutrients has been offered as an explanation for the phytoplankton limitation in the ocean by nitrogen (Nixon 198 1; Ryther and Dunstan 197 1) . Lake Tanganyika has a very low flushing rate and a deep, warm water column (Table 12) , which ensure that this lake is dependent on internal cycling of nutrients. The lake has a mean algal biomass (Fig. 15) taken near the end of several months of stable stratification had low N : P ratios in surface waters. However, high N : P ratios below the seasonal thermocline at 50 m indicated that sedimenting plankton and detritus were regenerating nutrients at high N : P ratios. The lake becomes anoxic below 100 m at this station, and denitrification presumably produces the low N : P ratios at greater depths. The high N : P ratios below the thermocline are not consistent with N limitation, but there are no data on particulate composition or other indicators of nutrient limitation for Lake Tanganyika to compare it with other aquatic systems. In Lake Malawi, a lake similar to Tanganyika in many ways (Table  12 ), the C : P and N : P ratios in particulates are high (C:P > 250: 1 and N:P > 40: 1; Hecky unpubl. data), indicating probable P limitation, although Moss (1969) reported a level I bioassay for Lake Malawi that indicated N was most likely to become limiting. If the tropical great lakes, which are dependent on internal cycling of nutrients, were shown to be more frequently N limited than P limited in level I bioassays but not by higher level tests or other deficiency indicators, then the apparent difference between freshwater and marine systems may be shown to be due to hydrographic and biological features of the environment rather than to a fundamental biogeochemical difference between lakes and oceans.
Is silicon important?-Diatoms and some other groups within the Chrysophyta have an absolute requirement, not shared with other groups, for significant amounts of silicon. Total algal biomass cannot be limited by Si, but its availability will shape phytoplankton communities. Ryther and Officer (198 1) and Officer and Ryther (1980) suggcst that the eutrophication of coastal waters by domestic wastes relatively poor in Si could lead to Si depletion and the elimination of diatoms from the phytoplankton communities. This process has been documented in the Laurentian Great Lakes (Schelske and Stoermer 197 1; Schelske 1975; Schelske et al. 1986 ). Centric diatoms have been classed as the most desirable phytoplankton in coastal waters (Ryther and Officer 198 1; Officer and Ryther 1980) because they arc important in marine food chains, they do not form noxious surface blooms, and they are not toxic. Marine dia- toms often have high growth rates (Ryther and Officer 198 I) , and some freshwater diatoms have been shown to outcompete other algal groups for both N and P when adequate Si is available (Sommer 1983; Sommer and Kilham 1985; Kilham 1986; Tilman et al. 1986 ). Therefore, the availability of Si can channel N and P into diatoms and away from less desirable species.
The success of diatoms in competition suggests that they should have a different biomass : P relationship than other groups, just as Smith (1982) has shown that the N : P loading ratio can affect the proportional response of lake Chl : P loading. Ryther and Officer (198 1) have suggested a reinterpretation of Ryther and Dunstan (197 l) , in which it was inferred that the algal blooms (almost entirely the chlorophyte Nannochloris) in polluted coastal inlets were N limited based on level I growth bioassays. Ryther and Officer (198 1) hypothesized that, in fact, the Nannochloris bloom formed and persisted because diatoms had been eliminated by Si depletion. Therefore, although the obnoxious Nannochloris bloom may have been N limited, the uses of the bay and especially the decline of the oyster fishery may have been limited by Si. Dissolved Si becomes available to natural waters primarily through the weathering of silicate rocks. Domestic wastes have low concentrations of Si relative to N or P (table 3a of Ryther and Officer 198 l) , and the relative proportion of Si to either N or P is very low compared to the requirements of diatoms and the relative abundance of these elements in natural waters (Table 2) . Consequently, Si depletion can be expected to be a selective factor affecting the ecology of estuarine and coastal phytoplankton.
The future: Species management
The role of silicon in shaping phytoplankton communities illustrates the need to refine our understanding of nutrient limitation and, especially, management of all nutrient inputs in order to protect and enhance our aquatic resources. Our attempts at control of algal problems have focused primarily on how to limit an aggregate property of phytoplankton, usually biomass. The debate about C, N, or P in freshwater and N or P in marine waters has been motivated by a search for the best management approach to reducing algal crops. This initial response to the crisis of eutrophication was appropriate and stimulated a great advance in our knowledge of phytoplankton ecology. We now have a better appreciation of the suite of factors that can limit species abundance. In particular, we have learned that the proportion in which nutrients are loaded to a system can exert a strong influence on which algal species will thrive (Tables 4 and  5 ; see Kilham and Hecky 1988) . In this regard, the apparent growing preoccupation with nitrogen in the marine literature (Fig.  16 ) may be counterproductive.
A balanced approach emphasizing the interplay of various nutrients including the trace metals in shaping phytoplankton communities and their response to enrichment is required. High rates of nutrient addition are not undesirable per se, since the highest natural rates of primary production and fish production occur in naturally enriched areas such as upwellings. If we can manage the species composition of culturally eutrophicated systems to promote the growth of algal species that, in turn, increase the secondary productivity of valuable food species, then we will have solved the important nutrient limitation riddle. The key is to have nutrients accumulate as fish rather than as algae. Some natural systems accomplish this and some do not (Hecky 1984 
